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Adsorption of a single molecule of the gases, H2O, NH3 and HF inside and on the surface of a tube of
Al-doped (5,0) single-walled carbon nanotubes (Al-CNT) was investigated using Density Functional
Theory (DFT) at the B3LYP/6-31G(d) level. The results showed that adsorption of Al-CNT is independent
of special orientation, all guest molecules prefer to be adsorbed into the surface of Al-CNT rather than into
the CNT tube, and that HF binds stronger than H2O, which binds stronger than NH3. Upon adsorption of
the guest molecules, the energy gap of Al-CNT was considerably reduced, resulting in improved electrical
conductivity. DOS and NBO analysis were performed to discover intermolecular interactions. Chemical
reactivity was investigated in terms of chemical hardness, softness and absolute electronegativity.
 2016 The Author. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
Carbon nanotubes were discovered by S. Ijima in 1991. Carbon
nanotubes are lightweight, strong, tough, and flexible. Carbon
nanotubes have a high surface area, high thermal conductivity,
good electrical conductivity and are chemically stable. Carbon
nanotubes can be used to manufacture smaller transistors or elec-
tronic devices since they have both conductor and semiconductor
properties [1,2].
Carbon nanotubes (CNTs) are considered as a new form of pure
carbon and can be visualized as rolled hexagonal carbon networks
that are capped by pentagonal carbon rings. There are two types of
carbon tubes, Single-Walled Nanotubes (SWNTs) and Multi-Walled
Nanotubes (MWNTs) [3]. CNTs can be produced using arc-
discharge, pyrolysis of hydrocarbons over metal particles, laser
vaporization of graphite targets, solar carbon vaporization, and
electrolysis of carbon electrodes in molten ionic salts [4].
Changing the electronic properties of carbon nanotubes (CNTs)
is important for many applications such as nanotransistors,
nanosensors, and thin conducting films [5–10].
Three doping techniques are used to modify the electronic
structures of CNTs, endohedral doping, in-plane doping andexohedral doping [5]. Endohedral doping uses C60 peapod
structures or a metallocence [11]. Boron and Nitrogen molecules
are substitute for carbon atoms in a CNT wall to create p-type
and n-type semiconductors in in-plane doping [5,12]. In exohedral
doping, organic or inorganic molecules are physically or chemically
absorbed into a wall of an CNT [11,13–17]. Exohedral doping is the
most flexible method because it capable of using a wide range of
substances such as alkaline, halogens and organic molecules.
CNTs are effective gas sensors due to their high surface areas.
Two mechanisms have been proposed to explain changes in con-
ductance and capacitance in CNTs, particularly for AC: charge
transfers between gas molecules and CNTs that change conduc-
tance and quantum capacitance, and gas polarization [6,8,18].
Due the hydrophobic nature of the CNT surface, CNT transport is
insensitive to humidity [19,20]. Pure Single-Walled Nanotubes
(SWCNTs) with poly(methyl methacrylate), PMMA, substrate are
insensitive to humidity, unless they have an oxide substrate [21].
Charge transfer between H2O molecules and a CNT is negligible
in theoretical calculations [22–28]. A strong hygroscopic effect
has been observed in a AuCl3-doped CNT device, although the
origin of this effect has not been clarified [29,30].
It is well known that aluminum compounds represent a power-
ful Lewis acid, capable of forming Lewis acid-base adducts with
even weak Lewis bases. The purpose of this paper is two-fold: (i)
identify the final state of the structure of the CNT doped with
aluminum and (ii) calculate the optimized structure, stability and
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this paper, we used DFT calculations to investigate the behavior of
the Al-CNT complex as a sensor for three molecules in the gaseous
phase and the effect of these molecules on the structure of the CNT.
Computational methods
Ab initio calculations were performed using Gaussian 03
program package [31] to optimize structures, predict energies,
calculate charge distribution and describe molecular orbitals of
the complex of a carbon nanotube doped (5,0) with NH3, H2O
and HF in a gaseous phase. Computations used Density Functional
Theory (DFT) with Becke’s three-parameter exchange functional
[32] combined with Lee-Yang-Parr [33] correlation functional
(B3LYP). The standard 6-31G(d) basis sets was used for all atoms
in the computation. The animation option in GaussView graphical
interface in Gaussian program [34], was used to build the doped
carbon nanotube, adsorbed molecules and the adsorbent and
adsorbate complexes.
Natural Bond Orbital (NBO) analysis [35] was used to gather
details on inter-actions between adsorbent and adsorbate. NBO
calculations were performed. Density Of State (DOS) plots for
selected systems were created in order to inspect the influence
of adsorption of small molecules on AlCNT. The energy gaps
between the Highest Occupied Molecular Orbital (HOMO) and
the Lowest Unoccupied Molecular Orbital (LUMO), the energy
gap, Ionization Potential (IP) and electron affinity (EA) were
calculated.
IP ¼ EHOMO
EA ¼ ELUMO
Some physical properties such as hardness (g), softness (r) and
the absolute electronegativity (v) were found using the following
equations:
g ¼ ð1=2Þ½IP EA
r ¼ 1=g
v ¼ ð1=2Þ½IPþ EAResults and discussion
The adsorption of one molecule of H2O, HF and NH3 on Al-CNT
(5,0) was investigated in this study. In order to find the stable con-
formation of the complex between the nanotube and the guest
molecules, two different starting structures for the guest moleculesFig. 1. Structurewere used to obtain stable conformation. First, in which the guest
molecule was laid onto the surface of the CNT with the hetero atom
(O or N or F) is facing the aluminum atom. Second, the guest
molecule was placed inside the CNT in which the hetero atom
orientated close to the aluminum atom. The structure of the sepa-
rated guest molecules (H2O, HF and NH3) and the isolated CNT
doped with the aluminum atom were optimized using the density
functional method to achieve the lowest energy level as shown in
Fig. 1. The fully optimized structures for the different orientations
of the guest-host complex are illustrated in Fig. 2.
Based on the results shown in Table 1, the adsorption of the NH3
molecule into the surface of the Al-CNT showed an increase in
dipole moment three times greater than the dipole moment of
isolated Al-CNT used for producing NH3 sensors. Differences in
aluminum NBO charges before and after adsorption and the
distances between the aluminum atom and the guest molecule
ensure a strong chemical bond between the guest molecule and
the aluminum atom.
The binding of the guest molecule inside the tube of the Al-CNT
is an endothermic reaction while the surface adsorption of the
guest molecule into the Al-CNT is an exothermic reaction. This
can be attributed to the small size of the type (5,0) of the CNT
and the repulsion of pairs of the electrons due to the electron den-
sity of the CNT. By comparing the binding energies of the three
complexes, we may conclude that HF had the highest binding
energy, followed by H2O and NH3. The energy gap between the
Highest Occupied Molecular Orbital (HOMO) and the Lowest
Unoccupied Molecular Orbital (LUMO) can be used as secondary
parameters when determining the stability or reactivity of the
calculated complexes. Relatively stable complexes have a higher
energy gap and less stable complexes have a lower energy gap.
As shown in Table 2, it is very clear that the binding of the gaseous
molecule onto the surface of the Al-CNT has increased the energy
gap. This conclusion is reversed in the case of the binding inside
the nanotube. The values for ionization energy and electron affinity
were calculated using the energy of the molecular orbitals and
listed in Table 2.
The values for the hardness, softness and absolute electronega-
tivity of the isolated Al-CNT and its complexes with H2O, HF and
NH3 are shown in Table 3. These values were calculated based on
the energies of the HOMO and LUMO molecular orbitals. Pearson
[36,37] has introduced the hardness and softness properties of
acid-base chemical reactions. The values of these parameters reflect
the charge distribution and the polarizability of the molecule after
guest molecules interaction. The results has shown higher values of
hardness when the binding occurs onto the surface of the carbon
nanotube with the aluminum atom. This increase in hardness is
attributed to the binding of the guest molecule.of Al-CNT.
Fig. 2. Structure of Al-CNT complexes with H2O, HF and NH3.
1148 H.Y. Abdullah / Results in Physics 6 (2016) 1146–1151In order to give more insights about the binding between the
guest molecule and the Al-CNT, electron Delocalization Index
was calculated and listed in Table 3. Electron DI represents the
average number of electrons shared between the guest and host
molecules. The DI values for the interaction onto the surface ofAl-CNT show strong bonding while the interaction inside the nan-
otube was missing.
The electronic Density Of States (DOS) describes the energy-
level distribution of electrons and it is important for experimental
measurements. The difference in DOS between the bare Al-CNT
Fig. 2 (continued)
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extend through the entire range of energies; those close to the
Fermi level are the most relevant for our discussion. It is known
that Fermi level is a thermodynamic quantity represents the chem-
ical potential for electrons.DOS plots of the isolated Al-CNT and its complexes with guest
molecules are presented in Figs. 3–5.
These plots demonstrate that Al-CNT composites are conduc-
tors and that their Fermi level lies in the middle of gap. The energy
value of Fermi levels for three complexes is between (3.5 to 4.0 e.V)
Table 1
Dipole moment, charges and distances of guest molecule with Al-CNT where X is O of H2O or F of HF or N of NH3.
D.M. (Debye) Charge Al Charge C Charge X r (Å) Al-C* r (Å) (Al-X)
Al-CNT 2.487 1.525 0.501 – 1.864 –
Al-CNT-H2O-in 1.422 1.716 0.518 1.022 1.883 1.949
Al-CNT-H2O-out 0.423 1.706 0.374 1.147 1.945 1.742
Al-CNT-HF-in 1.269 1.711 0.54 0.567 1.878 2.214
Al-CNT-HF-out 2.914 1.71 0.387 0.654 1.934 1.729
Al-CNT-NH3-in 0.961 1.66 0.486 1.201 1.897 1.971
Al-CNT-NH3-out 8.443 1.639 0.504 1.188 1.896 2.024
* This value is the same for all Al-C bonds.
Table 2
Binding energy, energy of MO orbitals, energy gap, ionization energy and the electron affinity of the isolated Al-CNT and its complexes with H2O, HF and NH3.
EBinding (kJ/mol) EHOMO (e.V) ELUMO (e.V) Energy gap (e.V) IP (kJ/mol) EA (kJ/mol)
Al-CNT – 0.2571 0.2496 0.0075 675.042 655.325
Al-CNT-H2O-in 652.718 0.2595 0.2569 0.0026 681.291 674.412
Al-CNT-H2O-out 96.702 0.2573 0.2346 0.0227 675.515 615.995
Al-CNT-HF-in 546.849 0.2440 0.2408 0.0032 640.622 632.273
Al-CNT-HF-out 163.188 0.2708 0.2494 0.0214 711.038 654.747
Al-CNT-NH3-in 817.215 0.2493 0.2437 0.0056 654.432 639.782
Al-CNT-NH3-out 49.457 0.2605 0.2523 0.0082 683.995 662.387
Table 3
Hardness, softness and the absolute electronegativity of the isolated Al-CNT and its complexes with H2O, HF and NH3.
Hardness (g) (kJ/mol) Softness (r) (kJ/mol) Abs. electr. (v) (kJ/mol) DI (Al-X) (a.u)
Al-CNT 9.859 0.101 665.184 –
Al-CNT-H2O-in 3.439 0.291 677.852 –
Al-CNT-H2O-out 29.760 0.034 645.755 0.314
Al-CNT-HF-in 4.175 0.240 636.448 –
Al-CNT-HF-out 28.145 0.036 682.893 0.308
Al-CNT-NH3-in 7.325 0.137 647.107 –
Al-CNT-NH3-out 10.804 0.093 673.191 0.220
Fig. 5. DOS of Al-CNT and its complex HF.
Fig. 3. DOS of Al-CNT and its complex with NH3.
Fig. 4. DOS of Al-CNT and its complex H2O.
1150 H.Y. Abdullah / Results in Physics 6 (2016) 1146–1151and the interaction of the gaseous molecule has a significant effect
on its variation. Overall, the Fermi levels shifts significantly to
valance bonds for the H2O, HF and NH3 complexes, however, NH3
shows greater shifting behavior than HF and H2O. HOMO, LUMO
energy levels and the energy gap are additional parameters may
be extracted from the DOS plot.
Conclusion
DFT method at B3LYP/6-31G(d) level was used to study the
adsorption of a single molecule of the gases, H2O, NH3 and HF on
the surface of Al-doped (5,0) single-walled carbon nanotubes (Al-
CNT). All guest molecules prefer to be adsorbed into the surface
H.Y. Abdullah / Results in Physics 6 (2016) 1146–1151 1151of Al-CNT rather than into the CNT tube. HF molecule binds stron-
ger than H2O, which binds stronger than NH3. Upon adsorption of
these molecules, the energy gap of Al-CNT was reduced and electri-
cal conductivity is improved. This study shows the possibility of
using Al-CNT as a sensor for these gaseous molecules.
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